The redox potential of the plasma cysteine/cystine couple (E h CySS) is oxidized in association with risk factors for cardiovascular disease (CVD), including age, smoking, type 2 diabetes, obesity, and alcohol abuse. Previous in vitro findings support a cause-effect relationship for extracellular E h CySS in cell signaling pathways associated with CVD, including those controlling monocyte adhesion to endothelial cells. In this study, we provide evidence that mitochondria are a major source of reactive oxygen species (ROS) in the signaling response to a more oxidized extracellular E h CySS. This increase in ROS was blocked by overexpression of mitochondrial thioredoxin-2 (Trx2) in endothelial cells from Trx2-transgenic mice, suggesting that mitochondrial thiol antioxidant status plays a key role in this redox signaling mechanism. Mass spectrometry-based redox proteomics showed that several classes of plasma membrane and cytoskeletal proteins involved in inflammation responded to this redox switch, including vascular cell adhesion molecule, integrins, actin, and several Ras family GTPases. Together, the data show that the proinflammatory effects of oxidized plasma E h CySS are due to a mitochondrial signaling pathway that is mediated through redox control of downstream effector proteins.
Introduction
Excessive or sustained increases in ROS levels are implicated in the pathogenesis of cardiovascular diseases (CVD) such as atherosclerosis, hypertension, ischemia-reperfusion injury, and diabetic vascular complications [1] , whereas moderate ROS levels contribute to regulation of vascular cell function [2, 3] . Predominant ROS sources include NADPH oxidases, xanthine oxidase, uncoupled endothelial nitric oxide synthase (eNOS), and the mitochondrial electron transfer chain [1, 4] . In contrast to the extensive studies of NADPH oxidases, xanthine oxidase, and uncoupled eNOS enzyme systems, less is known about the functional significance of mitochondrial ROS in vascular cells. There is increasing evidence that mitochondria-derived ROS can contribute to endothelial cell dysfunction and atherosclerosis [5] [6] [7] . Also, Liu et al. demonstrated that shear-stress-induced H 2 O 2 production and vasodilation were meditated by superoxide (O 2 ·− ) from the mitochondria [8] , suggesting a role for mitochondrial ROS in normal vascular physiology.
We developed methods to study mitochondrial thiol/disulfide redox potentials as part of a more comprehensive analysis of the subcellular compartmentalization of redox signaling and oxidative stress [9] . The results show a surprising heterogeneity in redox potentials among compartments and specific thiol/disulfide couples within compartments [9] . Thioredoxin-1 and -2 (Trx1 and Trx2) are more reduced than GSH/GSSG in the respective cytoplasmic and mitochondrial compartments [9] . In addition, the redox couples in the mitochondrial compartment are more reduced than those in nuclei, cytoplasm, and the extracellular environment [9] and more susceptible to oxidation [10] . Despite the lack of redox equilibration of these couples, redox communication between compartments is suggested by experiments that show that a more oxidized extracellular E h CySS enhances signaling of mitochondria-mediated apoptosis [11] .
Human cells in culture regulate extracellular E h CySS to −80 mV [12] , a value similar to the plasma E h CySS of young healthy adults [13] but considerably more oxidized than cellular pools, which are about −160 mV for Cys/CySS, −230 mV for GSH/GSSG, and −270 mV for Trx1[(-SH) 2 /(-SS-)] [9] . Studies of plasma E h as a biomarker of oxidative stress show that Cys/CySS and/or GSH/GSSG is oxidized in association with risk factors for CVD, including age [13, 14] , type 2 diabetes [15] , carotid intima media thickness [16] , brachial artery reactivity [17] , smoking [18] , and alcohol abuse [19] . In vitro studies with systematic variation in E h CySS in vascular endothelial cells showed that a more oxidized E h (0 mV) is sufficient to trigger cellular ROS production, proinflammatory signaling, and monocyte adhesion [20] . However, the source of the ROS production and the related thiol/disulfide signaling mechanisms are unknown.
The evidence for mitochondria-derived ROS in endothelial dysfunction, as well as evidence that Trx2 is critical to protect against mitochondrial ROS [10, 21] and protect endothelial function in vivo [22] , led us to hypothesize that mitochondrial ROS generation could provide a mechanistic link between oxidized plasma E h and early proinflammatory events of atherogenesis. To test this hypothesis, isolated aortic endothelial cells from Trx2 transgenic mice (Tg MAEC) and cells from littermate control mice (WT MAEC) were exposed to E h values for Cys/CySS over the range found in human plasma [−150 mV (most reduced value), −80 mV (average value), 0 mV (most oxidized value)]. The results show that E h CySS-stimulated monocyte adhesion to endothelial cells was prevented by Trx2 overexpression via a mechanism involving decreased mitochondrial ROS. The mechanism was dependent upon cell-surface thiols and was signaled to mitochondria without detectable oxidation of cytoplasmic Trx1 or GSH. However, redox proteomic analyses showed oxidation of a number of proteins associated with membranes and the cytoskeleton. Consequently, a more oxidized extracellular E h CySS is mechanistically linked to proinflammatory signaling through a mitochondrial pathway mediated by redox-sensitive membranal and cytoskeletal proteins.
Immunocytochemistry and fluorescence microscopy
MAEC grown to 70% confluency on a coverslip were preincubated with MitoSOX, MitoTracker Red CMXRos, or MitoTracker Red CMH2-XRos for 45 min before extracellular E h CySS treatment. After treatment for 1 h, cells were washed, fixed, stained with Alexa Fluor 488 phalloidin to visualize actin, and stained with Hoechst 33342 to visualize nuclei. Mitochondrial localization of V5-hTrx2 was examined by immunofluorescence labeling with V5 antibody followed by Cy2-conjugated goat antimouse antibody (Jackson ImmunoResearch). Immunofluorescence was visualized using an Olympus X-70 microscope system, with filter packs suitable for Hoechst (ex BP360-370 nm/dichroic DM400 nm/em BA420-460 nm), Alexa Fluor 488 and Cy2 (ex BP460-490/ dichroic DM505/em BA515-550), and MitoTracker red (ex BP530-550/dichroic DM570/ em BA590-800+). Cells were imaged with a Hamamatzu Orca-1 CCD camera and acquired and quantified using Image Pro image analysis software (Media Cybernetics, Silver Spring, MD, USA).
Assays
To examine the effects of E h CySS on adherence of monocytes to MAEC, calcein AMlabeled THP1 cells were added to MAEC after treatment with E h CySS for 36 h. The fluorescence-attached monocytes were visualized by fluorescence microscopy (×20), and fluorescence was independently quantified using an M2 plate reader (Molecular Devices, Sunnyvale, CA, USA) [20] . To measure ROS levels in total cells and the mitochondrial compartment, MAEC treated with E h CySS for 3 h were incubated with DCFH-DA (50 μM) for 30 min and then with MitoSOX (5 μM) for 10 min and measured using an M2 plate reader. To measure the redox state of cytoplasmic and nuclear Trx1, MAEC were transfected with or without Myc-epitope-tagged NLS-Trx1. Forty-eight hours after transfection, the cells exposed to E h CySS for 3 h were examined for the redox state of Trx1 by redox Western blotting [26, 27] . Reduced and oxidized forms of Trx1 were detected by probing with Trx1 antibody or Myc antibody. DTT (5 mM) and H 2 O 2 (5 mM) were used for reduced and oxidized controls, respectively. To measure the effects of E h CySS on Trx2, MAEC treated with E h CySS for 3 h were lysed with a 10% trichloroacetic acid (TCA) solution and proteins were derivatized following the procedures described in the previous study [26] . The reduced and oxidized forms of Trx2 were separated by 15% SDS-PAGE under nonreducing conditions. After blotting, the membranes were probed with antibodies specific to Trx2, and bands corresponding to Trx2 were visualized using an Odyssey scanner and the Odyssey 2.1 software (Li-Cor) [26] . Trx1 and Trx2 redox potentials were calculated from the reduced and oxidized forms of these proteins using the Nernst equation [26] . Steady-state GSH/GSSG redox potentials (E h GSSG) were calculated from cellular GSH and GSSG concentrations using the Nernst equation (cell volume 5 μl/mg cells, pH 7.4) [13] ,
, using −264 mV for E o at pH 7.4. The redox potentials are for the half-cell two-electron reactions, e.g., GSSG, 2H + /GSH.
Proteomic analysis of plasma-membrane-enriched fraction
Three 10-cm plates with confluent MAEC treated with E h CySS (150 or 0 mV) for 1 h were used for isolation of plasma-membrane-enriched fractions [28] . Briefly, cells were washed, homogenized in 250 mM sucrose containing 10 mM Hepes (pH 7.5) and 1 mM EDTA, and centrifuged at 700 g for 10 min. The resulting supernatant was centrifuged at 10,000 g for 35 min to obtain a pellet that contained primarily plasma membrane and associated proteins. Pellets were resuspended in HBSS containing 2% Zwittergent 3-10 (Calbiochem), and redox ICAT analysis [29, 30] was used to identify redox-sensitive proteins. One hundred micrograms of protein from each E h treatment was labeled with the first biotin-labeled thiol reagent (Heavy ICAT, H; Applied Biosystems) for 2 h. Proteins were then precipitated by 10% TCA for 30 min on ice, pelleted by centrifugation, washed with acetone, and resuspended in denaturing buffer provided by the manufacturer. Unlabeled oxidized thiols (disulfide form) in the proteins were then reduced by tris-(2-carboxyethyl phosphine) and finally labeled with the second biotin-labeled thiol reagent (Light ICAT, L) for 2 h. Each sample from −150 and 0 mV was digested with trypsin for 18 h. The peptides were cleaned, fractionated by cationic exchange followed by avidin purification, and analyzed by mass spectrometry. Using this approach, membrane-and actin-cytoskeleton-associated proteins from each treatment were identified with the H-to-L ratio as a measure of the reduction state of Cys residues in identified proteins.
Mass spectrometry analysis of redox ICAT
An Ultimate 3000 nanoHPLC system (Dionex) with a nanobore column (0.075×150-mm Pepmap C18 100 Å, 3 μm; Dionex) was used with the liquid chromatography eluent being sprayed directly into a QSTAR XL system using a nanospray source from Proxeon Biosystems. The data from each salt cut were combined and processed by ProteinPilot software (Applied Biosystems). All quantification was performed by the ProteinPilot version 2.0.1 software using the Swiss-Prot database. Quantification for proteins of interest was manually validated by examination of the raw data.
Results

Effect of hTrx2 expression on endogenous mouse thioredoxins (mTrx2 or mTrx1) and GSH in MAEC
Isolated aortic endothelial cells were incubated with fluorescence-labeled and acetylated LDL for 4 h at 37°C, and images were taken by fluorescence microscopy to verify the identity of endothelial cells (Fig. 1A) . Cultured Trx2 transgenic MAEC and MAEC from wild-type littermates were tested for V5-epitope-tagged hTrx2 expression by RT-PCR ( Fig.  1B , top left) and Western blotting (Fig. 1B, bottom left) . RT-PCR results showed the expected PCR product in Tg MAEC compared with that in Trx2-positive mouse tail extracts loaded as a positive control. Mitochondrial expression of V5-hTrx2 in Tg MAEC but not in WT was shown by immunofluorescence labeling with an antibody against V5 ( Fig. 1B , right, see typical punctate mitochondrial pattern in Tg). This result confirmed our previous finding showing mitochondrial localization of hTrx2 in Trx2 Tg mice [23] . To examine whether hTrx2 expression affected endogenous cellular antioxidant systems, the total amounts of mitochondrial Trx2, cytoplasmic and nuclear Trx1, and cellular GSH were determined. Results confirmed V5-epitope-tagged hTrx2 expression in Tg MAEC (V5-hTrx2, Fig. 1B ) and showed that expression of this protein had no effect on the abundance of endogenous mouse Trx2 (mTrx2, Fig. 1B ), Trx1 (mTrx1, Fig. 1B ), or total cellular GSH combining both reduced GSH and oxidized GSSG (14.5±0.5 in WT, 14.7±0.7 in Tg; Fig.  1D ).
A more oxidized E h CySS stimulates mitochondrial Trx2 oxidation
Increasing evidence suggests that oxidized extracellular E h CySS stimulates inflammatory signaling and sensitizes cells to oxidative stress [11, 20] . To test whether this oxidative signaling affects mitochondrial redox status, the Trx2 redox potential was examined by redox Western analysis (Fig. 1C ). MAEC (WT and Tg) treated with various E h CySS (−150, −80, 0 mV) showed that Trx2 in WT (−150 mV, −311 ± 9 mV; −80 mV, −294 ± 5 mV; 0 mV, −277 ± 2 mV) but not in Tg cells (−150 mV, −306 ± 3 mV; −80 mV, −311 ± 4 mV; 0 mV, −315 ± 6 mV) was significantly oxidized by oxidized extracellular E h (0 mV; Fig. 1C , top). This result shows that the previously observed increase in endothelial cell ROS production in response to a more oxidized E h CySS is associated with oxidation of mitochondrial Trx2 redox state.
To determine whether this effect was specific to mitochondria, we examined the effect of a more oxidized extracellular E h CySS on the redox states of other compartments including cytoplasm and nuclei. The redox states of Trx1 in cytoplasm (−150 mV treatment, −261±8 mV; −80 mV treatment, −260±5 mV; 0 mV treatment, −258 ±4 mV) were measured using redox Western blotting (Fig. 1C, bottom) . To examine the nuclear Trx1 redox state, cells transfected with a Myc-epitope-tagged and nuclear-targeted Trx1 (NLS-Trx1) were analyzed after exposure to various extracellular E h CySS (−150 mV treatment, −259±1 mV; −80 mV treatment, −254±4 mV; 0 mV treatment, −258±3 mV) (Fig. 1C) . In contrast to mitochondrial Trx2 oxidation, there was no detectable change in cytoplasmic or nuclear Trx1 redox state (Fig. 1C , bottom) in a more oxidized extracellular E h CySS. The amounts of GSH and GSSG (Fig. 1D , bottom) and the redox potential of the cellular GSH/GSSG couple (Fig. 1D, top) were also unaffected by a more oxidized extracellular E h CySS in WT or Tg cells. Thus, the results show that mitochondrial Trx2 is oxidized in response to a more oxidized extracellular E h CySS without concomitant oxidation of cytoplasmic or nuclear Trx1 and GSH.
No effect of extracellular Cys/CySS redox state on intracellular Cys, CySS, or E h CySS
Initial extracellular E h CySS values in cell culture medium calculated from measured Cys and CySS concentrations were comparable to the desired values ( Fig. 2 , initial values: −150 mV, −154±3 mV; −80 mV, −89±5 mV; 0 mV; −7±2). The extracellular E h CySS changed as a function of time, with the more reduced E h CySS becoming oxidized and the more oxidized E h CySS becoming more reduced over an 8-h time course (Fig. 2) . We also examined changes in the cellular levels of Cys and CySS by extracellular 
A more oxidized extracellular E h CySS elevates mitochondrial ROS level depending on plasma membrane thiols and Trx2
Our previous study showed that a more oxidized extracellular E h CySS stimulated an increase in ROS measured by the DCF assay [20] and that this redox-dependent increase in ROS was prevented by pretreatment of cells with nonpermeative alkylating reagents [20] . Because Trx2 oxidation occurred without cytoplasmic Trx1, GSH, or Cys oxidation, we tested the possibility that mitochondria are the source of increased ROS by comparing ROS production in WT and Tg MAEC. WT and Tg MAEC were treated with various extracellular E h CySS values for 3 h, and the DCF assay was used to measure ROS (Fig. 3A) . In WT, an E h CySS at 0 mV elevated ROS (138±6%) compared with that at −150 (100±6%) or −80 mV (104±5%; Fig. 3A, WT) . However, in Tg MAEC, no increase in ROS level was observed at 0 mV (110±6%) compared to −80 (102±7%) or −150 mV (100±4%; Fig. 3A , Tg). Thus, increased Trx2, which has been previously shown to be exclusively in the mitochondria [23] , inhibits the increase in cellular ROS.
To further test whether mitochondria are the source of ROS generation in response to a more oxidized extracellular E h CySS, MAEC were exposed to −150, −80, or 0 mV for 3 h and then incubated with the mitochondrial ROS indicator MitoSOX (Fig. 3B ). Results showed a significant increase in fluorescence of MitoSOX at 0 mV in WT MAEC compared to −80 and −150 mV in WT MAEC (−150 mV, 131±10%; −80 mV, 133±2%; 0 mV, 174±7%; Fig.  3B , bar graph). Fluorescence was also increased in WT compared to Tg MAEC at 0 mV (174±7% vs 132±13%; Fig. 3B ). Increased red fluorescence of MitoSOX in WT MAEC treated with 0 mV compared with WT treated with −150 mV and Tg MAEC treated with 0 mV was visualized by fluorescence microscopy (Fig. 3B, right) .
To determine whether the mitochondrial ROS increase in response to extracellular E h CySS was regulated by cell-surface thiols, MAEC were pretreated with non-cell-permeative thiolreacting reagents, including positively charged qBBr and negatively charged AMS, for 1 h before being treated with E h CySS for 3 h. Pretreatment with either qBBr or AMS inhibited the increase in MitoSOX fluorescence (Fig. 3C, see 4 , 5, and 6). Thus, the data show that the stimulated ROS generation measured by MitoSOX is mediated through thiols at the plasma membrane or otherwise accessible to extracellular reagents. Additional experiments to confirm increased mitochondrial oxidation by oxidized extracellular E h were performed using MitoTracker CMH2XRos. MAEC were prelabeled with MitoTracker CMH2XRos, exposed to −150 or 0 mV, and processed for immunocytochemistry ( Fig. 3D ). Increased fluorescence of MitoTracker was observed in WT MAEC treated with 0 mV compared to −150 mV (Fig. 3D , red-stained images on left). This increase in red fluorescence was blocked by AMS pretreatment (AMS+0 mV) and by Trx2 overexpression (Tg+0 mV), consistent with the results from MitoSOX experiments (Fig. 3C ). Staining of F-actin with phalloidin and nuclei with Hoechst dye is given for comparison. Taken together, the results show that oxidized extracellular redox signaling stimulates mitochondrial ROS generation and mitochondrial thiol oxidation in a process mediated by plasma-membrane protein thiols and inhibited by mitochondrial Trx2.
Increase in ROS level by oxidized E h CySS is altered by rotenone but not antimycin A
To examine the source of ROS induced by oxidized E h CySS, cells pretreated with the mitochondrial electron transport inhibitors rotenone and antimycin A were exposed to extracellular E h CySS (−150, −80, 0 mV) and analyzed for ROS levels by DCF assay (Fig.  4) . Pretreatment with antimycin A, a complex III inhibitor, substantially elevated ROS levels in a pattern that seemed to be independent of extracellular E h CySS [Fig. 4 , Δ increased ROS (%): 118 at −150 mV, 109 at −80 mV, 108 at 0 mV]. In contrast, the complex I inhibitor rotenone increased ROS levels in a pattern that was dependent upon extracellular E h CySS (Fig. 4) . Specifically, the increased amount in the presence of rotenone was much less at 0 mV (Δ increased ROS: 17.1%) than that at −150 mV (Δ increased ROS: 51.5%). Although further study is needed to understand the mechanistic basis for this finding, the results suggest that ROS production by complex I is stimulated by oxidized extracellular E h CySS. Experiments with Trx2 Tg cells showed that overexpression of Trx2 blocked both rotenoneand antimycin A-increased ROS levels (data not shown).
Proteomic analysis of redox-sensitive plasma-membrane-associated proteins using redox ICAT and mass spectrometry
The inhibition of MitoSOX and MitoTracker oxidation by pre-incubation of endothelial cells with membrane-impermeative thiol reagents (Figs. 3C and D) indicates that signaling could occur through plasma-membrane proteins that are sensitive to extracellular E h CySS [20] . To identify redox-sensitive proteins associated with the plasma membrane that could potentially function as redox sensors, we applied a proteomics method using ICAT technology [29, 30] . This method is based on the rapid and irreversible modification of accessible cysteine residues in proteins with the thiol-reactive reagent iodoacetamide [29] . First, redox ICAT analysis was performed using WT MAEC to examine extracellular E h CySS-dependent changes in the redox states of cell-surface proteins of the plasma-membrane-enriched fraction exposed to either −150 or 0 mV of E h CySS for 1 h. In the redox ICAT analysis, the ratio of heavy to light isotopic labeling reflects the ratio of the reduced to the oxidized form of a given peptide, and tandem mass spectrometry identifies the respective peptides containing cysteines modified by the H and L ICAT reagents. Using this approach, we identified 144 proteins with an H:L value identified in both −150 and 0 mV-treated samples ( Supplementary Data 1) . Because of the large number of proteins determined to be redox sensitive, we examined the distribution of the change in protein oxidation state using a histogram analysis (Fig. 5 ). The H:L values of 1756 (−150 mV) and 1888 (0 mV) peptides representing the 144 proteins were used. The mean values of the oxidized forms were 42±16% at 0 mV and 33±20% at −150 mV (Fig. 5A) . A subset of these proteins was recognized to be actin-cytoskeleton-associated proteins and was analyzed separately. This subset consisted of H:L values for 416 (−150 mV) and 453 (0 mV) peptides corresponding to 34 proteins (Supplementary Data 2) . The subset showed a comparable difference in distribution of redox states, with the mean value for protein oxidation at 0 mV being 42±15% compared to 30±14% at −150 mV (Fig. 5B) . These results show that the redox states of multiple cell surface and actin-cytoskeletal proteins respond to changes in extracellular E h CySS. Whether one or more of these proteins function in signaling mitochondrial ROS production remains to be determined. Ingenuity Pathway Analysis software (www.ingenuity.com) was used to further evaluate the redox ICAT data for all 144 proteins to determine whether redox-sensitive protein networks could be identified. In this analysis, the difference in percentage oxidation at 0 and −150 mV was determined as "Δ% oxidation." The data show that the oxidized state varied among cysteine residues within the same protein, i.e., there is a differential redox sensitivity of the cysteines within the same protein as well as differences between proteins. Such differences have previously been shown to depend upon the characteristics of the functional groups of neighboring amino acids in the protein [31] . Proteins with Δ% oxidation greater than 5% are shown in Supplementary Data 3 and include proteins in networks that regulate cell structure and organization, cell signaling, and cell adhesion proteins. Proteins with Δ% oxidation of 10% or greater include annexin A1, annexin A2, calpain-2, dynein, Ras GTPase activatinglike protein, vimentin, integrin-α3, protein S100-A11, vascular cell adhesion protein 1, GTPbinding protein G(i) subunit α2, and myoferlin. Several of these proteins are potential candidates for functioning as sensors for extracellular E h CySS because they are plasma membrane associated and directly exposed to the extracellular compartment.
Discussion
Cys and CySS constitute the most abundant low-molecular-weight thiol/disulfide couple in human plasma, and accumulating evidence shows that E h CySS is oxidized in association with risk factors for CVD. In addition, the results from in vitro cell models testing whether there is a cause-effect relationship of the plasma Cys/CySS redox state in CVD suggest that oxidation of E h CySS in vivo could activate inflammatory signaling mechanisms and thereby contribute to CVD. Model studies in animals have further shown that nutritional deficiencies and exposure to bleomycin and endotoxin [32, 33] cause oxidation of plasma E h CySS. Thus, Cys oxidation could provide a common mechanism whereby multiple factors could contribute to a proinflammatory state and result in CVD.
The finding that extracellular E h CySS controls inflammatory signaling in MAEC is consistent with previous results that cell-surface thiols have critical functions in transferring extracellular redox signals downstream to intracellular redox signaling mechanisms [20] . The present mass spectrometry analysis identifies redox-potential-sensitive proteins from the plasma-membrane-enriched fraction. The results show that a relatively large number of proteins are redox sensitive, including actin-cytoskeleton-associated proteins known to function in regulating cell structure and organization. Further studies are required to examine the detailed mechanisms and establish whether the redox changes in actin cytoskeletal proteins and their associated proteins are directly linked to mitochondrial ROS production or endothelial dysfunction. Such identification of critical cysteine residues would be of great interest for the development of therapeutic targets for control of proinflammatory responses.
Actin dynamics have been found to depend upon endothelial redox changes in association with ROS production [34] . In this study, we found that changes in extracellular E h CySS altered the redox state of several actin-associated proteins, which is the condition that also regulates ROS generation by mitochondria. Consistent with this, mitochondria were in close association with actin filaments of cells exposed to either oxidized or reduced E h CySS (data not shown). Whether interactions between mitochondria and the cytoskeleton are required to have extracellular E h CySS influence the redox state of actin-associated proteins is not known. Nonetheless, several studies have shown that mitochondria bind to multiple cytoskeletal elements, including actin, intermediate filaments, and microtubules, which can influence their function [35, 36] . Consequently, the present data support the concept that cytoskeletal elements could interact with mitochondria to stimulate ROS generation. Whether oxidation of cytoskeletal proteins is a critical upstream component of the mechanism of signaling for mitochondrial ROS production remains to be determined. Furthermore, there is a possibility that increased ROS generated by mitochondria may contribute to downstream protein oxidation that signals NF-κB activation and increases expression of cell adhesion molecules.
Our study provides evidence for a critical role for Trx2 in endothelial cell function, which is consistent with the previous findings by Zhang et al., which demonstrate that Trx2 improves endothelial cell function and reduces atherosclerotic lesions in ApoE-deficient mice [22] . The results of this study, taken together, support the idea that oxidative extracellular E h CySS-dependent signaling is a specifically localized pattern of mitochondria-derived oxidative stress. This signaling potentially contributes to endothelial reorganization due to changes in redox states of actin-associated proteins examined by redox ICAT analysis and subsequent changes in mitochondrial function. A possible mechanism could involve cytoskeletal proteins that functionally link to the mitochondrial membrane. A proposed scheme incorporating this concept along with the data provided in this study is shown in Fig.  6 . Oxidized extracellular E h CySS induces oxidation of plasma-membrane proteins, which in turn signals structural changes in cytoskeletal proteins. The cytoskeletal changes lead to mitochondrial functional changes in association with H 2 O 2 elevation and Trx2 oxidation in mitochondria. Experiments with rotenone suggest that the ROS generation may occur at complex I. H 2 O 2 from mitochondria stimulates inflammatory signaling such as NF-κB activation and subsequent gene expression, including cell adhesion molecules and selectins shown previously [20] . As a downstream effect of this signaling, monocyte recruitment to endothelial cells is stimulated. Consistent with this model, Trx2 overexpression prevented mitochondrial ROS elevation and stimulation of monocyte adhesion to endothelial cells.
In summary, oxidation of extracellular E h CySS stimulated oxidation of the plasmamembrane and associated actin and actin-related cytoskeletal proteins. This oxidative signaling resulted in oxidation of mitochondrial Trx2 without concomitant oxidation of Trx1 or GSH redox systems. Oxidative signaling led to stimulation of monocyte adhesion to endothelial cells. Trx2 overexpression prevented monocyte adhesion by blocking increases in mitochondrial ROS. The results identify a novel signaling pathway whereby an oxidized plasma thiol/ disulfide redox state contributes to early atherosclerosis development by stimulating mitochondrial ROS production. Consequently, prevention of plasma Cys oxidation, blocking membranal oxidant signaling, and prevention of mitochondrial oxidation provide potential targets to protect from oxidative stress-induced cardiovascular disease development. Proinflammatory response of MAEC to oxidized extracellular E h is signaled through a pathway dependent upon membranal thiols and mitochondrial ROS. WT and Tg MAEC exposed to E h CySS (−150, −80, 0 mV) for 3 h were examined for cellular and mitochondrial ROS by quantifying fluorescence of (A) DCF and (B) MitoSOX, respectively. Cell images (B, right) to visualize mitochondrial ROS increase are representative of WT MAEC treated with −150 mV (1) and 0 mV (2) and Tg MAEC treated with 0 mV (3) from three experiments. (C) WT MAEC pretreatment with the membrane-nonpermeative thiolalkylating reagents qBBr and AMS (500 μM each) prevented E h -dependent mitochondrial ROS increase measured by MitoSOX fluorescence (left) and visualized by fluorescence Proposed scheme for mitochondrial redox signaling in response to oxidized extracellular E h . E h -induced oxidation of plasma membrane (PM) and cytoskeleton proteins stimulates ROS generation in mitochondria that is blocked by Trx2. H 2 O 2 from the mitochondria triggers inflammatory signaling including NF-κB activation and subsequent gene expression (cell adhesion molecules, integrins, cytoskeletal proteins). H 2 O 2 can affect cell structure by affecting actin dynamics. Changes in the endothelial cell structure and increases in cell adhesion molecules result in an increase in monocyte recruitment as an early event of atherosclerosis.
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